Glucokinase from Bacillus stearothermophilus was irreversibly inactivated by the reactive dichlorotriazinyl dye Procion Blue MX-3G at pH 8.0. The enzyme was protected from inactivation by the substrate MgATP. Kinetic data implied that the dye occupied the MgATP-binding site. The apparent Km values for MgATP and D-glucose were found to be 70 #tM and 210 /,M respectively, and the Kd of the pure reactive dye was 16 sim;
INTRODUCTION
Enzymes have been found to bind immobilized triazine dyes, which can therefore be used to purify them by the use of triazine dye affinity -chromatography (Thompson et al., 1975; Atkinson et al., 1981; Lowe et al., 1981a; Lowe & Pearson, 1983) . The triazine dyes tend to bind preferentially to the active sites of globular proteins (Glazer, 1970) , though these may not be catalytic centres (Dean & Watson, 1979 ). These dyes have been shown to be re-versible inhibitors of enzyme catalysis (Lowe et al., 1981a ; Dean & Watson, 1979) . For many enzymes, particularly dehydrogenases and phosphokinases, competitive inhibition has been observed with respect to the nucleotide substrates (Lowe et al., 1981b) . The accumulated evidence indicates that the polysulphonated aromatic chromophores of the triazine dyes mimic naturally occurring heterocyclic biological molecules such as adenosine phosphates, NAD+, NADP+, acetyl-CoA, folate and flavins (Lowe et al., 198 la; Edwards & Woody, 1979; Johnson & Stevenson, 1980; Small et al., 1981; Clonis et al., 1981) . The dyes do not bind solely to proteins with a 'dinucleotide fold', as originally suggested (Thompson et al., 1975) ; for example the elution characteristics of aminoacyl-tRNA synthetases from triazine dye affinity-chromatography columns indicate that some dyes can mimic amino acids and others the tRNA substrates McArdell et al., 1982) .
The reactive dye binds to the protein with its triazine ring free in solution and in such an orientation that the reactive dye can interact with the nucleophilic amino acids of the protein. In direct contrast, in triazine dye affinity chromatography the dye is immobilized to the matrix via the triazine ring and thus the protein may interact with the dye and bind to it in a different orientation. However, free dyes have been successfully used as affinity probes for nucleotide-dependent enzymes (Clonis & Lowe, 1980; Clonis et al., 1981) . Procion Green H-4G has been shown to inactivate yeast hexokinase specifically, and this inactivation can be prevented by the presence of substrates (Clonis & Lowe, 1980) ; -Procion Blue MX-R has been shown to bind to the nucleotide-binding domain of horse liver alcohol dehydrogenase (Small et al., 1982) .
The main aim of the work described in the present paper was to use a dichlorotriazinyl dye, Procion Blue MX-3G, as a probe to determine which binding sites of the glucokinase (ATP:a-D-glucose 6-phosphotransferase, EC 2.7.1.2) and glycerokinase (ATP: glycerol 3-phosphotransferase, EC 2.7.1.30) from Bacillus stearothermophilus N.C.I.B. 11270 are attacked by the dye. This information could then be used as the basis for an affinity probe of the enzymes. Both glycerokinase and glucokinase are known to bind Procion Blue MX-3G-Sepharose-4B, and both can be eluted with MgATP, and, in the case of glucokinase, by ATP only.
MATERIALS AND METHODS

Materials
The triazine dye Procion Blue MX-3G was a gift from Dr. C. V. Stead (I.C.I., Blackley, Manchester, U.K. (1983) , and homogeneous glucokinase (330 units/ mg ofprotein) was prepared as described by Goward et al. (1986) . The source of both enzymes was Bacillus stearothermophilus N.C.I.B. 11270.
Glucokinase and glycerokinase activity Glycerokinase activity was measured by the method of Garland & Randle (1962) . Glucokinase activity was assayed by a method similar to that described for glycerokinase, except that glycerol was replaced by glucose in the assay system (Goward et al., 1986) . One unit of activity is defined as the amount of enzyme that catalyses the phosphorylation of 1 jumol of substrate/min. Purification of Procion Blue MX-3G and preparation of dye derivatives
Reactive Procion Blue MX-3G was purified on silica-gel preparative t.l.c. plates. The solvent system used was butan-2-ol/propan-1-ol/ethyl acetate/water (2:4:1:3, by vol.). The major reactive dye band was scraped from the plate, and the dye was eluted from the silica with water. It was then filtered and freeze-dried. The dye was subsequently rechromatographed in the same solvent system to show homogeneity. Hydroxylated dye was prepared by dissolving 1 mmol of pure dye in 10 ml of water, adjusted to pH 10.5 with NaOH and incubated at 65°C for 48 h, and finally freeze-dried. Aminated dye was prepared by reacting 1 mmol of pure dye dissolved in 10 ml of 1 M-NH3 at 65°C for 3 h. Ar was passed over the solution to remove excess NH3, and the aminated dye was then freeze-dried. Inactivation and protection of the enzymes Glucokinase (150 pmol) was inactivated at 25°C in a total volume of 1 ml in 20 mM-Hepes/NaOH buffer, pH 8.0, containing 10-100 nmol ofpure reactive dye. The reaction mixture contained 250 mM-KCI to prevent stacking ofthe dye molecules at the higher concentrations. The rate of inactivation was followed by removing 25 ,1 samples for assay at various time intervals.
Glycerokinase (100 pmol) was investigated in a similar manner but the dye concentration was varied between 50 and 5000 nmol/ml.
Determination of K1 for substituted dye
Inhibitor constants for both hydroxylated and aminated Procion Blue MX-3G were determined with respect to the substrates of glucokinase and glycerokinase. The assay mixture was in a total volume of 1 ml and contained 0-10 nmol of dye. MgATP at 1.9 mm was the saturating fixed-concentration substrate for glucokinase. The dye concentration was varied with a series of glucose concentrations around the apparent Km. Glucose was also used as the saturating fixed-concentration substrate at 2.5 mm when the MgATP concentration was varied. Glycerokinase was treated in a similar fashion, with glycerol replacing glucose at a fixed saturating concentration of 2.4 mm. 
Stoichiometry
The amount of dye covalently bound to the enzyme was determined quantitatively by treating 3.7 nmol of glucokinase and 0.43 nmol of glycerokinase with 500 nmol of dye each for 2 h in 20 mM-Hepes/NaOH buffer, pH 8.0. The dye-enzyme conjugate was isolated by gel filtration on Sephadex G-15 equilibrated with 20 mM-Hepes/NaOH buffer, pH 8.0. The protein concentration of the eluate was determined by the Coomassie-Brilliant-Blue-binding method of Bradford (1976) , with bovine y-globulin as standard. The dyeconjugated protein was made 8 M with respect to urea, and the dye concentration was determined from the absorbance at 616 nm. The molar absorption coefficient of Procion Blue MX-3G was determined to be 14700M-l cm-1. Substrates were also added to the reaction mixture at a concentration of 5 mm. In these instances the gel-filtration column was equilibrated in and eluted with buffer containing an identical concentration of the appropriate substrate. Addition of urea or the binding of dye to denatured protein did not affect the absorbance of the dye.
RESULTS AND DISCUSSION
The structure of Procion Blue MX-3G is shown in Fig.  1 . The reactive chlorine atoms on the triazine ring were replaced with hydroxy or amine groups by substitution.
The reaction between an active-site-directed reactive dye (D) and an enzyme (E) may be described by the following equation:
where E D is the enzyme-dye conjugate, ED' is the irreversibly inactivated enzyme and k+2 is a rate constant for the rate-limiting step (Clonis & Lowe, 1980 where kobs is the observed rate of enzyme inactivation at a given concentration of the dye, D, k+2 is the maximum rate of inactivation (min-1) and Kd is the apparent dissociation constant, k-,/k+1, of the enzymedye complex (Kitz & Wilson, 1962; Clonis & Lowe, 1980; Witt & Roskoski, 1980; McArdell et al., 1982) .
Glucokinase was covalently inactivated by the triazine dye Procion Blue MX-3G. The rate of inactivation of glucokinase by reactive dye increased as the amount of dye was increased, but with amounts of dye greater than 100 nmol inactivation was decreased. The Kd of pure reactive dye with glucokinase was determined to be 16 ftM and the maximum rate of inactivation for the reaction, k+2, was 0.645 min-1 (Fig. 2) enzyme. A 5,mol amount of dye was required to inactivate 500% of the enzyme in 120 min in the 1 ml reaction volume (Fig. 4) . In the absence of dye, the apparent Km values of glucokinase for MgATP and glucose were 70 FM and 210 FM respectively (Fig. 5) . The apparent Km values of glycerokinase for MgATP and glycerol were 38 FM and 13 FM respectively (Fig. 6) . These results were in approximate agreement with values obtained with different assay systems (Comer et al., 1979; Goward et al., 1986) .
The inhibition characteristics of the two enzymes by the substituted dyes, deduced from the results shown in Figs. 5 and 6, are presented in Table 1 . The hydroxylated dye showed uncompetitive kinetics with glucokinase, suggesting that the dye bound to the enzyme together with MgATP to form an inhibitory ternary complex, in which the dye interacts with the enzyme at a site separate from the catalytic ATP-binding site. In contrast, the catalytic ATP-binding site was accessible to the aminated dye. Space-filling models of the aminated and the hydroxylated dye have been constructed and indicate that the two derivatives have different conformations, which may affect binding. Derivatives of Procion Brown MX-5BR also showed different inhibition characteristics with tryptophyl-tRNA synthetase, where the aminated dye mimicked tryptophan to bind the enzyme more specifically than did the hydroxy and methoxy derivatives (McArdell et al., 1982) . The lack of involvement of the glucose-binding site of glucokinase was confirmed by the (Jornvall, 1970) and between Procion Blue MX-R and horse liver alcohol dehydrogenase (Small et al., 1982 the presence of multiple binding sites for the reactive dye and that the reaction was not specific to the glycerolbinding site. When MgATP or glycerol was present no binding of dye to the enzyme was observed. The Procion Blue MX-3G was therefore unlikely to be a useful affinity label for a specific binding site on the glycerokinase molecule, whereas with glucokinase the reaction of the dye was specific for the ATP-binding site. The presence of either MgATP or glycerol protected glycerokinase to the extent that reactive dye did not covalently bind to the enzyme, which supports the hypothesis of coupled binding sites. The glycerokinase had high affinity for MgATP (apparent Km 38 /SM) and glycerol (apparent Km 13 /M) and apparently low affinity for reactive dye in the catalytic sites, and thus the binding sites were made unavailable by interaction with the natural substrates.
